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Abstract When using chromosome substitution (CS)
lines in a crop breeding improvement program, one
needs to separate the effects of the substituted chromo-
some from the remaining chromosomes. This cannot be
done with the traditional additive-dominance (AD)
model where CS lines, recurrent parent, and their hy-
brids are used. In this study, we develop a new genetic
model and software, called a modified AD model with
genotype · environment interactions, which can predict
additive and dominance genetic effects attributed to a
substituted alien chromosome in a CS line as well as the
overall genetic effects of the non-substituted chromo-
somes. In addition, this model will predict the additive
and dominance effects of the same chromosome of
interest (i.e. chromosome 25 of cotton in this study) in
an inbred line, as well as the effects of the remaining
chromosomes in the inbred line. The model requires a
CS line, its recurrent parent and their F1 and/or F2 hy-
brids between the substitution lines and several inbred
lines. Monte Carlo simulation results showed that ge-
netic variance components were estimated with no or
slight bias when we considered this modified AD model
as random. The correlation coefficient between predicted
effects and true effects due to the chromosomes of
interest varied from zero to greater than 0.90 and it was
positively relative to the difference between the CS line

and the recurrent line. To illustrate the use of this new
genetic model, an upland cotton, Gossypium hirsusum L,
CS line (CS-B25), TM-1 (the recurrent parent), five elite
cultivars, and the F2 hybrids from test-crossing these
two lines with the five elite cultivars were grown in two
environments in Mississippi. Agronomic and fiber data
were collected and analyzed. The results showed that the
CS line, CS-B25, which has chromosome 25 from line 3
to 79, Gossypium barbadense substituted into TM-1, had
positive genetic associations with several fiber traits. We
also determined that Chromosome 25 from FiberMax
966 had significantly positive associations with fiber
length and strength; whereas, chromosome 25 from TM-
1 and SureGrow 747 had detectable negative genetic
effects on fiber strength. The new model will be useful to
determine effects of the chromosomes of interest in
various inbred lines in any diploid or amphidiploid crop
for which CS lines are available.

Introduction

Near-isogenic (NI) lines derived by backcrossing are
useful for quantitative trait analysis. Chromosome sub-
stitution (CS) lines, which are divergent for one chro-
mosome pair while NI to the recurrent parent for the
remaining chromosome pairs, also offer a great potential
for dissecting quantitative traits of interest, without or in
conjunction with DNA markers available. CS lines have
been used to detect genes for quantitative traits like yield
and grain quality associated with specific chromosomes
in wheat (Law 1966, 1967; Law et al. 1976; Al-Quadhy
et al. 1988; Zemetra et al. 1986, 1988; Mansur et al.
1990; Berke et al. 1992a, 1992b). Chromosomes 3A and
6A from wheat cultivar Wichita were determined to have
major quantitative trait loci (QTLs) that increased grain
yield and kernel weight when present in cultivar Chey-
enne, while Cheyenne had major QTLs on 3A and 6A
that decreased grain yield and kernel weight in cultivar
Wichita (Berke et al. 1992a). Kohel et al. (1977) and Ma
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and Kohel (1983) evaluated six CS lines and indicated
several quantitative genes to these chromosomes in up-
land cotton. QTLs for boll size, lint percentage, fiber
length, and fiber elongation were mapped to chromo-
some 16 of Pima 3–79 using 178 families from the cross
with TM-1 (Ren et al. 2002). Chromosome 25 of Pima
3–79 in a TM-1 background (CS-B25) has been identi-
fied to have desirable genes affecting fiber micronaire,
length, and strength, while chromosomes 16 and 18 of 3–
79 have genes negatively associated with yield (Saha
et al. 2003, 2004).

A significant deviation of a CS line from its recurrent
parent for a specific trait is usually considered to show
association of that chromosome with the specific quan-
titative trait. When a specific chromosome in a recurrent
parent is replaced by the respective chromosome from a
donor parent, genes on the alien chromosome are ex-
pressed in the genetic background of the recurrent par-
ent. Thus, the total genetic effect of a CS line may be due
to the gene(s) on the substituted chromosome, the genes
on the remaining chromosomes of its recurrent parent,
and an interaction between the gene(s) on the substi-
tuted chromosome and the remaining chromosomes of
its recurrent parent. With only data from one CS line, a
donor parent, and a recurrent parent, the chromosome
effects and interaction effects between the substituted
chromosome and the remaining chromosomes of the
recurrent parent cannot be separated by comparative
analysis. When data from the reciprocal CS lines and
their two recurrent parents are evaluated, the substituted
chromosome and interaction effects with remaining
chromosomes can be determined by the two-way anal-
ysis of variance (ANOVA) method (Berke et al. 1992a,
1992b). To detect dominant effects for quantitative traits
due to a specific chromosome, F1 hybrids between CS
lines and their recurrent parents should be analyzed
(Yen et al. 1997).

The development of a set of CS lines is usually very
time-consuming. For example, it took more than
25 years to complete CS line development in wheat
(Zemetra et al. 1986; Berke et al. 1992a), and more than
20 years for the same in cotton (unpublished data). Up
to now, most studies focused on detecting chromosome
effects using CS lines, recurrent parents, and/or their
hybrids or progenies (Law 1966, 1967; Law et al. 1976;
Berke et al. 1992a, 1992b; Saha et al. 2003, 2004). The
above-mentioned studies have provided genetic infor-
mation relative to the substituted chromosome associa-
tion with traits of importance; however, they were not
able to determine the genetic effects due to the chro-
mosomes of interest in other inbred lines. Therefore, it
should be more helpful to develop a new genetic model
and analytical method through which the CS lines can
be extensively used to determine desirable genetic effects
of specific chromosomes when crossed with other culti-
vars or inbred lines. Such a study should greatly improve
the use of CS lines in both genetic mapping and breeding
programs.

In this research, we propose a new genetic model and
develop the corresponding software package that can be
used to dissect the effects of specific chromosomes when
a CS line and its recurrent parent are crossed with var-
ious cultivars or inbred lines. Monte Carlo simulation
technique was used to detect the estimated variance
components and predicted genetic effects. To illustrate
the use of the new genetic model, we utilized our two-
location data set from CS-B25 and its recurrent parent
TM-1 test-crossed with five upland cotton cultivars
which are usually maintained by open pollination due to
its predominant selfing nature.

Genetic models and methodology

Genetic model

The phenotypic value for any genotype with replications
under multiple environments can be expressed as fol-
lows,

y ¼ lþ E þ Gþ GE þ Bþ e ð1Þ

where, l is the population mean; E is the environmental
effect, G is the genotypic effect; GE is the genotype ·
environment interaction effect; B is the block effect if
applicable, e is the random error.

The total genotypic value (G) for a quantitative
trait in Eq. 1 for a genotype relative to a CS line in-
cludes the effects of the specific substituted chromo-
some (G(1)), effects of the remaining non-substituted
chromosomes of the recurrent parent (G(2)), and the
possible interaction effects between the specific substi-
tuted chromosome and the remaining chromosomes of
recurrent parent (G(12)). Therefore, G and GE can be
rewritten as,

G ¼ Gð1Þ þ Gð2Þ þ Gð12Þ ð2Þ
GE ¼ GEð1Þ þ GEð2Þ þ GEð12Þ ð3Þ

Now we consider a more complicated case. Assume
that there are one CS line, its recurrent parent, and n
inbred lines, and top-crosses (e.g. F1 or F2) of the CS
line and its recurrent parent crossed with these n
inbred lines, and that both G(1) and G(2) include only
additive and dominance effects, then, we call this ge-
netic model a modified AD model. We define Pij as a
parent used for a cross, where i represents the index
for the specific chromosome (i=1, ..., n+2), and j the
index for the remaining non-specific chromosomes
(j=1,..., n+1). Pi¢ j is called the CS line of Pij when a
specific chromosome i in Pij is replaced by its respec-
tive chromosome from a donor parent i¢. Then geno-
typic value G for a parental line can be expressed as
follows,

GðPijÞ ¼ 2Aið1Þ þ Diið1Þ þ 2Ajð2Þ þ Djjð2Þ ð4Þ
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Genotypic value for F1 between Pij and Pkl

GðPij � PklÞðF1Þ ¼ Aið1Þ þ Akð1Þ þ Dikð1Þ

þ Ajð2Þ þ Alð2Þ þ Djlð2Þ ð5Þ

Genotypic value for F2 between Pij and Pkl

GðPii � PklÞðF2Þ ¼ Aið1Þ þ Akð1Þ þ 0:25Diið1Þ þ 0:25Dkkð1Þ

þ 0:5Dikð1Þ þ Ajð2Þ þ Alð2Þ þ 0:25Djjð2Þ

þ 0:25Dllð2Þ þ 0:5Djlð2Þ ð6Þ

If i = k, then Eqs. 5 and 6 can be expressed as Eqs.
in 7 and 8, respectively,

GðPij �PklÞðF1Þ¼ 2Aið1Þ þDiið1Þ þAjð2Þ þAlð2Þ þDjlð2Þ ð7Þ

GðPii �PklÞðF2Þ¼ 2Aið1Þ þDiið1Þ þAjð2Þ þAlð2Þ þ0:25Djjð2Þ

þ0:25Dllð2Þ þ0:5Djlð2Þ ð8Þ

If j = l, then Eqs. 5 and 6 can be expressed as Eqs. in
9 and 10, respectively,

GðPij �PkjÞðF1Þ¼Aið1Þ þAkð1Þ þDikð1Þ þ2Ajð2Þ þDjjð2Þ ð9Þ

Genotypic value for F2 between Pij and Pkl

GðPii � PkjÞðF2Þ ¼ Aið1Þ þ Akð1Þ þ 0:25Diið1Þ þ 0:25Dkkð1Þ

þ 0:5Dikð1Þ þ 2Ajð2Þ þ Djjð2Þ ð10Þ

Where A(1) and D(1) are additive effects and dominance
effects due to the chromosomes of interest, and A(2) and
D(2) are additive effects and dominance effects due to the
remaining chromosomes,

The GE can be also partitioned into its respective
G*E components following above Eqs. 4, 5, and 6.

Analytical approaches

For a specific data set, these genetic effects can be con-
sidered as fixed and may be analyzed by a general linear
model (GLM) approach; however, some of the coeffi-
cients in these genetic models may not be 0 or 1 and the
data set may be unbalanced. The GLM approach cannot
analyze the data with the complicated genetic model. In
this study, we consider all genetic effects and block effects
as random. Environmental effects can be considered as
fixed or random which we are not interested in. In this
study the environmental effects were considered as ran-
dom. The advantage of this consideration is that it allows
both the estimation of variance components and the
prediction of genetic effects possible (Searle et al. 1992).

The Eqn. 1 can be extended based on Eqs. 4, 5, and 6
accordingly and it can be also expressed in the form of
matrices and vectors in Eq. 11,

y ¼ 1lþUEeE þUAð1ÞeAð1Þ þUDð1ÞeDð1Þ þUAð2ÞeAð2Þ

þUDð2ÞeDð2Þ þUAEð1ÞeAEð1Þ þUDEð1ÞeDEð1Þ

þUAEð2ÞeAEð2Þ þUDEð2ÞeDEð2Þ þUBeB þ ee

¼ 1lþ
X11

r¼1 Uueu ð11Þ

where the constant l is the population mean, and Uu is
the known incidence matrix relative to the vector
eu�N(0, r u

2Iu).
The variance components for genetic effects can be

obtained using the minimum norm quadratic unbiased
estimation (MINQUE) (Rao 1971; Searle et al. 1992).
Genetic effects can be predicted by the adjusted unbiased
prediction (AUP) or the linear unbiased prediction
(LUP) approach (Zhu 1993; Zhu and Weir 1994).

Monte Carlo simulations were conducted in this
study to evaluate the estimations of variance compo-
nents by the MINQUE approach. The efficiency of
prediction with the LUP method was also compared
by simulation. Pseudo-random normal deviates with
mean zero and preset variance were generated by the
Polar algorithm (Devroye 1986). For each case, 500
simulations were run to obtain sample means of esti-
mates, bias and mean square error (MSE) which is

defined as MSE ¼ varð�̂hÞ þ bias2: For simplicity, ran-

domized complete block designs, with four replication,
within each of the 2 years, was used in this study.
Assume that there are one CS line, its recurrent par-
ent, and five inbred lines, and top-crosses of the CS
line and its recurrent parent crossed with these five
inbred lines. We set three cases. Case 1 includes par-
ents and F1 hybrids, case 2 parents and F2 hybrids,
and case 3 parents, F1 and F2 hybrids. So there were
17, 17, and 27 genotypes for the cases one, two, and
three, respectively. The real data set in section Exam-
ple has the same genetic design and replicate number
as the case two in our simulation study.

Monte Carlo Simulation Results

Estimation of variance components

The simulation results for bias and MSE are summa-
rized in Table 1 for variance component. Variance
components were estimated almost with no bias by this
modified AD model. The data set with both F1 and F2

hybrids did not give noticeable improvement for vari-
ance estimation. On an average, the variance compo-
nents due to the chromosome of interest were not
affected by the genetic effects related to the remaining
chromosomes. The MSE obtained by parents and both
F1 and F2 hybrids were slightly lower than that by
parents and F2 hybrids. The additive variance compo-
nent due to the chromosome of interest was slightly
underestimated while the additive variance component
due to the remaining chromosomes was slightly overes-
timated. A MSE is related to the bias and variation
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among different simulation. In this study, the high MSEs
were mainly due to the large biases.

Prediction of genetic effects

Researchers are interested not only in the overall genetic
information and genetic variance components, but also
in the genetic effects related to the chromosome of
interest and due to the remaining chromosomes. In this
simulation study, we also compared the predicted genetic
effects with the true genetic effects using correlation
analysis. We ran the simulations based on random and
fixed effects models. When the genetic effects due to the
chromosome of interest were fixed, the additive correla-
tion coefficient between the predicted values and true
values due to the chromosome of interest could be
greater than 0.90 on average, and it was positively related
to the difference between the CS line and the recurrent
line (results not shown). Dominant correlation coefficient
due to the chromosome of interest was generally less than
0.80. Similar results were found when the genetic effects
were set as random, the additive correlation coefficients
ranged from 0 > 0.90 depending on the difference be-
tween the CS line and the recurrent line (data not shown).

Example

Materials and experiments

In this study, TM-1 and one upland cotton CS line, CS-
B25, are near isogenic, with the exception of the
replacement of a specific homologous pair of chromo-
some 25 from 3–79 (Gossypium barbadense) into the
recurrent parent TM-1, upland cotton (Gossypium
hirsutum) (Stelly et al. 2004). TM-1 is an inbred line

derived from the commercial variety Deltapine 14 by
Kohel et al. (1970). CS-B25 and TM-1 were used as male
and top-crossed with five elite cultivars in 2002 at Mis-
sissippi State University. The five elite cultivars are:
‘Deltapine 90’ (DP90); ‘FiberMax 966’(FM 966);
‘Stoneville 474’ (ST 474); ‘Phytogen 355’(PSC 355); and
‘SureGrow 747’ (SG 747). CS-B25, TM-1, the 5 culti-
vars, and 10 F2 hybrids were planted at two locations
with replicated plots in 2003 at the Plant Science Re-
search Center at Mississippi State, MS. Soil type for
location 1 was a Marietta loam (Fine-loamy, siliceous,
active, fluvaquentic Eutrudepts) and for location 2 it was
a Leeper silty clay loam (Fine, smectitic, nonacid, ther-
mic Vertic Epiaquept). Plots were planted in a plant two
skip one row pattern on 28 May and harvested on 3
November, 2003 at location 1 and 31 October at loca-
tion 2. Standard cultural practices were followed and the
environmental conditions during the growing season
were above average for each location. A 25-boll sample
per plot was hand harvested from the first fruited posi-
tions from the middle nodes of plants to determine boll
weight and fiber properties. Samples were ginned on a
ten-saw laboratory gin to determine lint percentage and
the lint samples were sent to StarLab (StarLab, Inc.,
Knoxville, TN, USA) for single instrument fiber mea-
surements. Micronaire (MIC), elongation (EL), 2.5%
span length (SL), and fiber strength (T1) were measured.
After the boll samples were harvested, all plots were
harvested with a commercial cotton picker modified to
bag seed cotton from each plot and lint weight (kg) ha�1

was calculated.
The data were analyzed by using the above modified

AD model by the MINQUE(1) approach (Zhu 1989).
The proportion of each variance component to the
phenotypic variance was also calculated. The variance
component used for calculation of the corresponding
proportion was based on F1 generation: VA1=2r A1

2 ,

Table 1 Results for estimating variance components based on 500 simulations using the modified AD model

True value P+F1 P+F2 P+F1+F2

Bias MSE Bias MSE Bias MSE

r A1
2 20 3.83 19.64 �1.57 6.65 0.41 5.19

r D1
2 20 0.73 1.55 �0.69 2.03 0.93 1.75

r A2
2 0 0.00 5.13 4.82 27.47 0.33 5.04

r D2
2 0 0.00 0.69 0.00 1.12 0.18 0.65

r AE1
2 20 0.05 2.09 0.85 2.84 1.80 5.02

r DE1
2 20 �0.01 0.45 �1.21 2.67 �0.66 0.86

r AE2
2 0 0.00 1.86 0.00 1.79 0.00 1.75

r DE2
2 0 0.00 0.30 2.12 5.36 0.04 0.32

r e
2 20 0.13 0.04 0.01 0.02 0.01 0.01

r A1
2 20 0.01 4.11 �2.48 10.69 �0.98 5.27

r D1
2 20 2.77 8.63 1.77 4.85 0.02 1.05

r A2
2 20 �0.50 7.38 3.22 17.82 3.42 19.84

r D2
2 20 �1.10 3.91 0.97 4.89 0.14 2.42

r AE1
2 20 �0.52 2.00 0.20 2.27 �1.32 3.24

r DE1
2 20 0.10 0.54 0.82 2.10 0.19 0.48

r AE2
2 20 0.51 3.05 �2.12 7.49 1.18 4.16

r DE2
2 20 0.71 1.60 �0.72 2.36 0.06 1.07

r e
2 20 0.09 0.03 0.04 0.02 1.26 1.59
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VD1=r D1
2 , VA2=2r A2

2 , VD2=r D2
2 ; VAE1=2r AE1

2 ,
VDE1=r DE1

2 , VAE2=2r AE2
2 , VDE2=r DE2

2 , Ve=r e
2, and

VP= VA1+ VD1+ VA2+ VD2+ VAE1+ VDE1+ VAE2+
VDE2+ Ve. Genetic effects were predicted by the AUP
approach (Zhu 1993). The resampling (jackknife)
method was applied to calculate the standard error (SE)
for each parameter by removal of each block within each
of two locations. The t-test was used to detect the sig-
nificance of each parameter (Miller 1974) and the de-
grees of freedom were 7. One and two-tail tests were
used to test the significance of the variance and the ge-
netic effects, respectively. The data analyses were con-
ducted by using self-written programs in C++ for the
modified AD genetic models.

Variance components

Estimated proportions of variance components to the
phenotypic variance based on the modified AD genetic
model for all traits are summarized in Table 2. No
additive (A1) or dominant (D1) effects were detected due
to chromosome 25 for lint percentage, seed cotton yield,
or lint yield. Both additive (A1) and dominant effects
(D1) were significant for micronaire and 2.5% span
length. D1 was significant for boll weight and A1 for
elongation and strength.

Significant additive effects for lint percentage, boll
weight, seed cotton yield, lint yield, and elongation due
to the remaining 25 chromosomes (A2) and dominant
effects for strength due to the remaining chromosomes
(D2) were detected (Table 2). Strong additive effects for
lint percentage (77%) were due to A2. Lint percentage,

seed cotton yield, lint yield, elongation, and fiber
strength were affected by dominance · environment
interaction effects due to chromosome 25 (D1E) (17, 29,
25, 22, and 33%, respectively). Dominance by environ-
ment interaction effects due to chromosomes, other than
chromosome 25, were significant for micronaire, elon-
gation, and 2.5% span length. Residual variance ranged
from 10 to 21% for all traits except lint percentage (5%).
These results indicated that substituted chromosome 25
has genetic association with boll weight, micronaire,
elongation, 2.5% span length, and fiber strength, while it
does not have genetic association with lint percentage or
cotton yield.

Predicted genetic effects

The additive effects of chromosome 25 (A1 effects) for
each of the parental lines varied for different traits,
(Table 3). Chromosome 25 from TM-1 and FM966 had
a positive additive effect on boll weight, while chromo-
some 25 from the other 5 lines had a nil or negative
additive effect. Chromosome 25 from CS-B25 reduced
micronaire, but chromosome 25 from TM-1, ST474, and
PS 355 increased micronaire. Chromosome 25 from CS-
B25, DP 90, and FM966 reduced fiber elongation, while
chromosome 25 from TM-1, PSC355, and SG747 in-
creased elongation. Chromosome 25 from CS-B25 and
FM966 increased 2.5% span length, whereas chromo-
some 25 from TM-1, and ST474 reduced 2.5% span
length. Chromosome 25 from CS-B25 and from FM966
increased strength, while chromosome 25 from TM-1,
ST474, and SG747 reduced strength.

Table 2 Estimated proportions of variance components for two genetic models using F2 and Parents

Modified AD model

LP BW YLD LY MIC EL SL T1

VA1/VP 0.00 0.17 0.00 0.00 0.20* 0.13* 0.18* 0.31**
VD1/VP 0.00 0.37** 0.00 0.00 0.34** 0.07 0.25* 0.00
VA2/VP 0.77** 0.06* 0.15* 0.36** 0.00 0.22* 0.00 0.00
VD2/VP 0.01 0.17 0.26* 0.14* 0.00 0.00 0.00 0.21*
VA1E/VP 0.00 0.01 0.00 0.00 0.02 0.00 0.04 0.00
VD1E/VP 0.17* 0.00 0.29 0.25 0.00 0.22* 0.00 0.33*
VA2E/VP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05*
VD2E/VP 0.00 0.12 0.12 0.11 0.29** 0.17* 0.32** 0.00
Ve/VP 0.05** 0.10** 0.19** 0.14** 0.15** 0.19** 0.21* 0.10*

Traditional AD model
LP BW YLD LY MIC EL SL T1

VA/VP 0.78** 0.27** 0.17* 0.43** 0.18** 0.40** 0.23** 0.43**
VD/VP 0.00 0.49* 0.22* 0.00 0.35* 0.00 0.21 0.00
VAE/VP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
VDE/VP 0.15* 0.10* 0.39* 0.39* 0.23* 0.32* 0.23* 0.38**
Ve/VP 0.07** 0.14** 0.22** 0.19** 0.24** 0.28** 0.33* 0.19**

LP lint percentage, BW boll weight, YLD seed cotton yield, LY lint yield, MIC micronaire, EL elongation, SL 2.5% span length, and T1
fiber strength
A1 additive for chromosome 25, D1 dominance for chromosome 25, A2 additive for chromosomes other than 25, D2 dominance for
chromosomes other than 25, A1E additive · environment for chromosome 25, D1E dominance · environment for chromosome 25, A2E
additive · environment for chromosomes other than 25, D2E dominance · environment for chromosomes other than 25, A additive for all
chromosomes, D dominance for all chromosome, AE additive· environment for all chromosomes, and DE dominance · environment for
all chromosomes
* and ** are probability levels of 0.05 and 0.01, respectively
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Homozygous dominance effects, Dii(1) and Djj(2),
measure the degree of inbreeding depression and should
be included (Zhu, 1993) when more than two parents are
used in crosses. Dominant effects due to chromosome 25
(D1) for four traits are summarized in Table 4. Chro-
mosome 25 from CS-B25 and all five commercial culti-
vars had negative homozygous dominant effects for boll
weight. On average, the heterozygous effects for boll
weight between chromosome 25 from CS-B25 and the
chromosome 25 from five commercial cultivars was
greater than that between chromosome 25 from TM-1
and chromosome 25 from five commercial cultivars,
possibly indicating that more diversity between chro-
mosome 25 from CS-B25 and commercial cultivars
causes the larger heterozygous dominant effects for boll
weight. Chromosome 25 of CS-B25 showed positive
dominant homozygous effects for micronaire. Negative
dominant heterozygous effects for micronaire between
CS-B25 and ST474, CS-B25 and SG747, and TM-1 and
DP90 were found due to chromosome 25. Positive
dominant heterozygous effect for micronaire between

TM-1 and ST474 was found due to chromosome 25.
Negative dominant heterozygous effects for span length
between CS-B25 and FM966, and TM-1 and ST474, and
positive dominant effects for this trait between CS-B25
and ST474, and TM-1 and FM966 were found due to
chromosome 25.

The additive effects of the remaining 25 chromosomes
(A2) from TM-1 reduced lint percentage, but the
remaining 25 chromosomes from the other cultivars,
except DP 90, increased lint percentage. These 25
chromosomes from TM-1 and DP 90 reduced seed cot-
ton yield and lint yield, but those from the other culti-
vars increased yield (Table 5).

Significant D2 effects for seed cotton yield, lint yield,
and fiber strength was detected (Table 2). Thus, there
were no significant difference among all D2 effects for
lint percentage and boll weight (Table 6). In general,
heterozygous dominant effects were greater than
homozygous dominant effects for seed cotton yield and
lint yield due to the remaining 25 chromosomes,
indicating that large heterosis for cotton yield at early

Table 3 Additive effects ± standard errors due to chromosome 25 (A1) for boll weight and four fiber traits based on the modified AD
model

A1 BW (g) MIC EL (%) SL (mm) T1(kNm/kg)

CS-B25 �0.13±0.09 �0.34±0.11 �0.28±0.15 0.66±0.29 14.08±1.52
TM1 0.30±0.15 0.14±0.07 0.39±0.17 �0.50±0.28 �15.02±1.52
DP90 �0.19±0.08 �0.09±0.03 �0.25±0.08 �0.02±0.18 2.47±1.33
FM966 0.30±0.11 �0.02±0.02 �0.68±0.12 0.55±0.14 13.28±1.89
ST474 �0.16±0.05 0.11±0.03 0.04±0.06 �0.44±0.09 �3.99±1.09
PS355 �0.13±0.05 0.17±0.04 0.39±0.09 0.03±0.07 1.24±1.45
SG747 0.00±0.02 0.04±0.03 0.38±0.09 �0.30±0.04 �12.10±0.92
Grand �X 5.68 4.56 8.42 29.34 204.9

BW Boll weight, MIC micronaire, EL elongation, SL 2.5% span length, and T1 fiber strength

Table 4 Dominant effects ± standard errors due to chromosome 25 (D1) for boll weight and three fiber traits based on the modified AD
model

Da
ij(1) BW (g) MIC EL (%) SL (mm)

1·1b �0.85±0.33 0.33±0.08 0.08±0.37 0.40±0.44
2·2 0.20±0.23 �0.02±0.12 �0.23±0.50 �1.04±0.73
3·3 �0.17±0.04 0.15±0.08 �0.11±0.20 0.01±0.35
4·4 �0.17±0.06 0.12±0.07 �0.22±0.25 �0.03±0.08
5·5 �0.20±0.08 0.06±0.09 �0.29±0.19 �0.21±0.11
6·6 �0.17±0.08 0.04±0.04 0.28±0.27 �0.37±0.15
7·7 �0.16±0.06 0.14±0.06 0.07±0.12 �0.21±0.20
1·3 0.18±0.15 0.18±0.21 �0.05±0.11 �0.45±0.47
1·4 0.86±0.30 �0.11±0.22 �1.26±0.91 �1.49±0.35
1·5 0.69±0.43 �0.73±0.20 0.82±0.51 1.54±0.83
1·6 �0.22±0.18 0.16±0.12 0.23±0.29 0.05±0.45
1·7 0.00±0.10 �0.50±0.24 �0.12±0.50 0.28±0.30
2·3 �0.08±0.14 �0.57±0.23 0.00±0.25 0.39±0.69
2·4 �0.16±0.21 �0.14±0.17 0.97±0.81 2.11±0.57
2·5 �0.49±0.34 0.73±0.20 �0.18±0.27 �1.58±0.83
2·6 0.39±0.25 �0.08±0.10 �0.42±0.28 0.75±0.32
2·7 0.32±0.10 0.26±0.19 0.43±0.63 �0.14±0.38

BW Boll weight, MIC micronaire, EL elongation, SL 2.5% span length, and T1 fiber strength
a Dij Dominant effects due to the chromosome 25 in cotton, if i=j, then Dij is the homozygous dominant effect, if i „ j, then Dij is the
heterozygous dominant effect
b 1 CS-B25, 2 TM1, 3 DP90, 4 FM966, 5 ST474, 6 PS355, and 7 SG747
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generations could be expected. Homozygous dominant
effects on seed cotton yield for TM-1 and SG747 were
significantly negative due to the remaining 25 chromo-
somes, while heterozygous dominant effects on seed
cotton yield between TM-1 and FM966, and TM-1 and
SG747 were significantly positive due to the remaining
chromosomes. High homozygous dominant effect on
fiber strength due to the remaining 25 chromosomes for
FM966 and low homozygous dominant effect due to the
remaining 25 chromosomes for PS355 were detected.
Low heterozygous dominant effect on fiber strength due
to the remaining 25 chromosomes between TM-1 and
DP90 was detected while high heterozygous dominant
effect between TM-1 and PS355 was detected.

Discussion

Most researchers have focused on dissection of genetic
effects that were whole genome-based. The genetic ef-
fects may include additive effects, dominance effects
(Cockerham, 1980) and their G·E interaction effects
(Zhu 1994). CS lines can bring desirable genetic re-
sources into a recurrent parent with possibly unwanted
DNA fragments from other chromosomes being mini-
mized. On the other hand, each CS line is divergent for
only one pair of chromosomes from the recurrent par-
ent, thus, CS lines can be considered as near iso-genetic
to the recurrent parent except for the substituted chro-
mosome, and thus provide important potential for dis-

secting genetic effects on quantitative traits of
importance. When a CS line (or several CS lines) is (or
are) crossed with its (or their) recurrent parent are
crossed, additive and dominant effects due to the
substituted chromosome(s) can be obtained (Yen et al.
1997). Such crosses may detect the genetic differences of
one specific chromosome between the donor parent and
the recurrent parent; however, such genetic information
is only limited to the two genotypes.

Gilbert (1985a, 1985b), Wu et al. (2000), and Lou
and Zhu (2002a, 2002b) proposed several genetic models
to separate single gene effects based on the AD models
and other genetic models. Among these studies, the
single gene effects were considered as fixed effects;
however, the mixed linear model approaches such as
REML and MINQUE do not estimate the variation
contribution of fixed effects to the total phenotypic
variance. When a number of genotypes are used as
parents to top-cross with a CS line and its recurrent
parent, the above methods cannot be directly used to
analyze this type of data when chromosome effects (A1
vs. A2, D1 vs. D2) need to be separated. It is thus rea-
sonable to consider the chromosome effects from dif-
ferent genetic resources as random. On the other hand, a
mixed linear model approach can estimate the variance
components and predict the genetic effects simulta-
neously (Searle et al. 1992). The modified AD genetic
model proposed in this study, which includes the effects
due to a specific chromosome (A1 and D1) and the
remaining chromosomes (A2 and D2), was extended

Table 5 Additive effects ± standard error from remaining 25 chromosomes (A2) based on the modified AD model

LP (%) BW (g) YLD (kg/ha) LY (kg/ha) EL (%)

TM1 �4.57±0.06 0.14±0.12 �526±216 �431±59 0.16±0.08
DP90 �0.05±0.12 �0.18±0.13 �275±85 �123±19 �0.35±0.10
FM966 1.67±0.12 0.27±0.21 301±131 210±45 �0.91±0.19
ST474 1.38±0.14 �0.13±0.11 96±63 102±27 0.06±0.09
PS355 0.77±0.11 �0.12±0.08 285±140 158±48 0.53±0.12
SG747 0.80±0.11 0.01±0.01 118±85 84±39 0.51±0.15
Grand �X 38.96 5.67 4687 1816 8.42

LP Lint percentage, YLD seed cotton yield, and LY lint yield

Table 6 Dominant effects ± standard error from remaining 25 chromosomes (D2) based on the modified AD model

LP BW YLD LY T1

2·2a 0.40±0.79 �0.61±0.45 �1456±431 �478±273 �4.01±3.69
3·3 0.04±0.13 �0.16±0.13 �2±109 9±33 8.84±4.50
4·4 �0.04±0.18 �0.11±0.12 �138±103 �3±40 13.22±5.61
5·5 �0.76±0.87 �0.22±0.14 �131±143 45±36 �8.41±5.04
6·6 �0.29±0.52 �0.17±0.14 �156±210 9±66 �11.73±3.77
7·7 �0.56±0.70 �0.16±0.11 �452±220 �119±81 �4.68±2.11
2·3 �0.09±0.29 0.09±0.10 �286±188 �133±63 �14.11±7.92
2·4 �0.65±0.74 0.58±0.51 615±246 213±95 �8.23±9.09
2·5 0.96±0.91 0.25±0.16 368±293 11±87 11.38±8.85
2·6 0.21±0.55 0.19±0.19 619±477 139±166 25.01±8.80
2·7 0.77±0.91 0.31±0.24 1018±499 308±201 �7.30±5.09

LP Lint percentage, BW boll weight, YLD seed cotton yield, LY lint yield, and T1 fiber strength
a 2 TM1, 3 DP90, 4 FM966, 5 ST474, 6 PS355, and 7 SG747
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from our previously proposed genetic model (Wu et al.
2000). However, this modified AD model differs from
our previous one in three aspects: (1) a specific chro-
mosome was measured in a number of genotypes (rather
than two); (2) chromosome effects are random; and (3)
genotype · environment interaction effects are included.
Monte Carlo simulation results showed that genetic
variance components were estimated with no or slight
bias when we considered this modified AD model as
random. The correlation coefficient between predicted
effects and true effects due to the same number chro-
mosomes varied from zero to greater than 0.90 and it
was positively related to the difference between the CS
line and the recurrent line. The results indicated that
when a CS line is greatly different from its recurrent
parent, this CS line can be efficiently used as a probe to
detect the genetic effects due to the chromosome of
interest in other inbred lines. Thus, this modified AD
model combined with mixed linear model approach has
several additional advantages: (1) it can be used to
determine the chromosome association of traits of
importance; (2) each CS line can be used to probe the
desirable genes located on specific chromosomes when
crossed with different inbred lines; and (3) once a strong
genetic association with a specific chromosome is de-
tected, researchers may focus on that specific chromo-
some to sequence and clone specific genes. Thus, the
model proposed in this study greatly extends the use of
CS lines both in genetic mapping and breeding studies.
We also developed a software package, which is avail-
able upon request.

If there are no A2 or D2 effects for a trait (i.e. mi-
cronaire and span length), which are due to remaining
25 chromosomes, it does not mean that any other
chromosomes does not have association with this trait
because A2 or D2 are cumulative effects from the
remaining 25 chromosomes, and individual chromosome
effects could be positive or negative.

The mating design used in our example can be also
considered as North Carolina II design. We also ana-
lyzed the data set using the traditional AD model.
Comparing variance components and their proportions
to the phenotypic variance based on the modified AD
model and the traditional AD model, we found that the
additive variance (VA), dominance variance (VD), and
their GE interaction variance components (VAE and
VDE) obtained by the AD model were close to the sum of
the additive variances (VA1 + VA2), dominance vari-
ances (VD1 + VD2), and their GE interaction variances
(VA1E + VA2E and VD1E + VD2E) obtained by the
modified AD genetic model (data not presented). The
proportions of variance components for the traditional
AD model are reported in last five rows of Table 2. The
predicted additive effects obtained by the AD model are
cumulative effects of chromosome 25 (A1) and the
remaining 25 chromosomes (A2). Generally, the additive
effects obtained by the AD model (A) had the similar
trends with the additive effects due to A1+ A2 (data not

shown). Above results indicated that the additive effects,
dominance effects, and GE interaction effects in the AD
model can be partitioned into the specific chromosome
effects (G(1)) and remaining chromosome effects (G(2))
using the modified AD model. This showed the utility of
the modified AD model and its superiority over the AD
model.

Chromosome 25 of 3–79 (CS-B25) in TM-1 had an
important association with several fiber traits, including
decreasing micronaire, increasing fiber length and
strength compared to TM-1, which agreed with our
previous study (Saha et al. 2004; Jenkins et al. 2004).
We also found that chromosome 25 of FM966 had
similar and positive genetic associations with fiber length
and strength. This indicates that the CS-B25 line with
chromosome 25 from 3–79 as well as chromosome 25
from other gemplasms from G hirsutum can provide
genes for fiber quality improvement.

The genetic model proposed in this study is extend-
able. For this modified AD model, F1 or F2 populations
including a CS line and its recurrent parent test-crossed
with other gemplasms and all parent lines are required.
If more generations (such as at least F1 and F2 or F2 and
F3) are included, a modified ADAA model may also be
used to detect the additive · additive espistasis effects
between a specific chromosome and the remaining
chromosomes.

Chromosome substitution lines allow the net effects
of a whole chromosome to be studied. Recombinant
substituted (RS) inbred lines can be used to identify and
map gene(s) controlling agronomic traits and fiber traits
by linkage with molecular markers (Kaeppler 1997;
Lander and Botstein 1989; Zeng 1993, 1994; Shah et al.
1999). RS inbred lines are superior to recombinant
inbred (RI) lines for identifying genes or QTLs of
quantitative traits more precisely because RS inbred
lines have a more uniform genetic background with the
recurrent parent with only one divergent chromosome
segment rather than whole chromosome or chromosome
arm. Some of these studies have been done in wheat
(Chen et al. 1994; Joppa et al. 1997; Shah et al. 1999;
Campell et al. 2003, 2004). Efforts are underway to de-
velop several RS inbred populations in cotton, which
can be more effectively used to locate the QTLs of cot-
ton yield and fiber quality.

Software for analysis can be obtained from authors
on request.
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